This study investigates the phonological processing that Taiwanese deaf signers engage in when recognizing Chinese characters and words. The deaf participants' orthography-phonology transformation (OPT) abilities were tested using an explicit Chinese homophone judgment task, and their implicit phonological activations were tested using lexical decision tasks. Chinese characters, whose phonetic radicals are not always reliable guides to pronunciation, are a useful tool for dissociating the influence of phonology and orthography. Experiment 1 manipulated sound-based phonological similarity (similar, dissimilar) and orthographical similarity (similar, dissimilar). Accuracy, sensitivity (d ), and reaction times (RTs) were recorded for hearing participants, but only accuracy and sensitivity (d ) recorded for deaf participants, who are fluent signers of Taiwanese Sign Language (TSL). Additionally, the predictive abilities of log word frequency and the consistency values for homophone judgment performance were analyzed. Experiment 2-1 was designed to compare the effects of three primes (semantically related, sound-based phonologically related, and unrelated primes) on the performance of deaf and hearing participants on a lexical decision task. In Experiment 2-2, TSL phonologically related primes were compared with unrelated primes for deaf and hearing subjects. The results of Experiment 1 show that the accuracy of deaf subjects was poor (.66) and was lower than that of hearing subjects (.87). Particularly, the deaf subjects' accuracy and sensitivity in the orthographically dissimilar condition were significantly lower than in the orthographically similar condition. For hearing subjects, log word frequency significantly predicted their accuracy and RTs, whereas the consistency values predicted only the RTs. For the deaf participants, the accuracy could be efficiently predicted by both log word frequency and consistency values, which reflect knowledge of OPT rules. We suggested that although deaf individuals had acquired knowledge of OPT rules, this knowledge was neither complete nor sufficiently robust to make homophone judgments. In Experiment 2-1, the results show that there was a semantic priming effect but no sound-based phonological priming effect for the deaf participants. The results further reveal that deaf people with a limited hearing ability did not automatically process the sound-based phonological representations under time-constrained conditions. In Experiment 2-2, there was an action-based phonological priming effect for deaf signers but not for hearing subjects, indicating that deaf signers automatically activated related action-based phonology to access the semantic meaning of words when reading Chinese. This study finds that deaf signers acquire OPT rules but that their OPT rules are not sufficiently robust or complete to allow them to make explicit phonological judgments and homophone judgments. Deaf signers automatically activated action-based representations rather than sound-based phonological representations when reading Chinese characters.
with the same syllables, such as consonant and vowel phonemes and tones. Action-based phonologically related pairs refer to those sharing some of the components, such as the hand-shape, location, and movement.
Orthography-phonology transformation
In alphabetic writing systems, the dual-route cascaded (DRC) model of reading comprises a lexical/direct route and a sublexical/indirect route for developing quick and accurate wordrecognition skills (Coltheart et al. 2001 ). In the sublexical route, the mechanism that translates orthographic strings into phonological codes is known as the script-to-sound rules, or orthographyphonology transformation (OPT). By acquiring OPT knowledge, early readers can recognize words more easily and develop other reading strategies.
Mappings between orthography and phonology can be defined according to their regularity and consistency. Chinese has a low level of orthographic transparency. The OPT of Chinese characters is not always regular or consistent. Chinese characters are composed of a semantic radical that provides cues regarding the semantic category of a character, and a phonetic radical that encodes the sound of a character but is not always a reliable indicator of pronunciation. A regular word that follows the OPT rules can be named more accurately and quickly than an irregular word (Bauer & Stanovich 1980; Waters & Seidenberg 1985) . The consistency in Chinese characters is dependent on whether a character's pronunciation is the same as those of its orthographic neighbors with the same phonetic radicals. In general, the consistency value of a character is calculated based on the relative ratio of the number of characters sharing the same pronunciation to the total number of characters sharing the same phonetic radicals (Fang et al. 1986) . A high-consi stency word is composed of a word body that is always pronounced the same as all of its orthographic neighbors; a word body within a low-consistency word has more than one possible pronunciation. Highconsistency words are named more accurately and quickly than low-consistency words, and this pattern is found for both high-frequency words (Jared et al. 1990 ) and low-frequency words (Waters & Seidenberg 1985) . In an analysis of errors, consistency effects were found for both high-and low-frequency words (Jared 2002) . The orthographic consistency of a language also affects its users' development of orthography-phonology recoding abilities (Frith et al. 1998; Ziegler et al. 2010; Ziegler & Goswami 2005) . Consistency provides better predictions of naming performance than regularity does (Glushko 1979; Lee 2008) . In this study, we measured the application of OPT rules to lexical access via the consistency effect.
Consistency effects in Chinese that have been found in studies of naming latency , eye movement ), event-related potentials (ERPs) (Lee et al. 2007) , and functional magnetic resonance imaging (fMRI) Lee et al. 2010 ) have provided researchers with a trusted marker of phonological assembly. Given the apparent role of the translation mechanism in word recognition, this study aims to determine whether deaf adults can use OPT to read written languages. Previous studies of the reading processes of deaf individuals have focused primarily on whether deaf people access sound-based phonological representations. However, although the deaf do engage in sound-based phonological processing, they might rely on the lexical/ direct route instead, exerting great effort to memorize a word form and its phonology. This study investigated the properties of phonological processes and the use of OPT among deaf signers.
Sound-based phonological processing and use of OPT among deaf individuals
Decoding is the ability to rapidly derive a phonological representation from written words, which allows the reader to access the mental lexicon and retrieve semantic information. However, do deaf signers have robust phonological representations for Chinese characters? Most research on reading ability of the deaf has studied written English, and the evidence derived from this research is controversial. Several studies have suggested that the deaf, even those who have been orally educated, have poor explicit sound-based phonological abilities. One study shows that deaf children produced fewer sound-based phonological misspellings than hearing children (Aaron et al. 1998) . In a rhyme judgment task, the performance of deaf participants was much lower than that of hearing participants. The deaf participants' performance was better for the rhyming orthographically similar pairs (.72) than for the nonrhyming orthographically similar pairs (.29) (Hanson & Fowler 1987) . Moreover, the performance of orally-trained deaf children on a picture rhyme judgment task was better when judging rhyming orthographically similar items (.84) and nonrhyming lip-reading dissimilar items (.96), but poorer when judging rhyming orthographically dissimilar items (.74) and nonrhyming lip-reading similar items (.68) (Leybaert & Charlier 1996) . These results suggest that deaf participants tend to make their rhyme judgments based on orthographic and lip-reading similarity, rather than sound-based phonological similarity.
Several studies have found that deaf readers activate sound-based phonological representations when reading English. In lexical decision studies, target recognition was found to be facilitated by phonologically related words (Hanson & Fowler 1987) and pseudo-homophones (Friesen & Joanisse 2012; Transler & Reitsma 2005) . In categorization task, words were asked to classify according to their similarity. For deaf children, word pairs were classified more similar when they were phonologically similar pseudo-words (Transler et al. 2001 ) and phonologically similar words (Miller 2002 (Miller , 2006 but not phonologically dissimilar words. When encountering incongruence between the pseudohomophones of color names and the colors of words in the Stroop paradigm, the vocal responses of deaf children created interference (Leybaert & Alegria 1993) . In a printed sentence semantic judgment task, Hanson et al. (1991) found that both hearing participants and deaf signers of American Sign Language (ASL) made more errors on the tongue twister than on the control sentences. However, although positive evidence of sound-based phonological representations has been found for deaf readers, speech-based phonological encodings might be more coarse-grained and less automatic for deaf readers (Friesen & Joanisse 2012; Stanovich 1994; Waters & Doehring 1990) .
A study investigating OPT knowledge found that deaf individuals with poor speech skills did not show a regularity effect in a lexical decision task. By contrast, deaf individuals with better speech skills did demonstrate orthographic regularity in their reading (Waters & Doehring 1990 ). In addition, in a rhyme judgment task using pairs of pictures to eliminate the directly orthographic cues presented in printed words, the performance of orally-trained deaf subjects when judging both words and pictures was affected by spelling incongruence, and their word judgments were more affected than their picture judgments (Campbell & Wright 1988) . These findings indicate that orally trained deaf people can use letter-sound correspondences when spelling and reading (Campbell et al. 1992; Hanson et al. 1983) . However, although the evidence suggests that deaf people did not obtain the orthographic information directly from the pictures, it is possible that deaf individuals can still rely on memorized orthographical information to make phonological judgments in an alphabetic language system. Nevertheless, it is difficult to dissociate sound-based phonological effects from orthographical cues when studying alphabetic writing systems. Thus, studying a language with low orthographical transparency, such as Chinese, might provide a better understanding of deaf individuals' internal representations of reading.
Several studies have examined deaf individuals' phonological decoding of Chinese. Tzeng (1998) investigated the lexical access and short-term retention of Chinese characters among orallytrained and TSL-trained deaf adults. The orally-trained deaf adults showed little evidence of relying on phonological representations in the lexical decision task, but did use phonological codes in the short-term memory task. In contrast, the TSL-trained deaf adults did not use sound-based phonological representations for either task (Tzeng 1998) . However, Tzeng's study used only 16 pairs of stimuli in the lexical decision task, which is unlikely to represent the mental lexicon of any person. Furthermore, an eye-tracking study investigated the sound-based phonological preview benefits for orally-trained and TSL-trained deaf individuals (Chiu & Wu 2013) . While using a boundary and display change technique (Rayner 1975) in which a preview word is replaced by a target when a reader's eyes cross an invisible boundary, the researchers observed sound-based phonological preview benefits for orally-trained deaf individuals, but not for TSL-trained deaf individuals (Chiu & Wu 2013) . Both studies reveal that a participant's language training background significantly influences his or her use of inner representation, and the deaf signers in those studies showed little use of sound-based phonological representations. If deaf signers do not activate sound-based phonological representations, are they able to learn the OPT rules for Chinese and activate the action-based code when reading?
The goal of the current study was to investigate the sound-based phonological representations and OPT rules used by deaf signers. We used a homophone judgment task in Experiment 1, a soundbased phonological priming task in Experiment 2-1, and an action-based phonological priming task in Experiment 2-2 to determine whether deaf signers use OPT rules and implicit sound-based or action-based phonological processing at the syllable level.
Experiment 1: Explicit homophone judgment
Experiment 1 manipulated sound-based phonological similarity and orthographical similarity and recruited both deaf and hearing participants. The deaf participants used TSL as their primary means of communication. We hypothesized that if deaf people can accurately judge the sound-based phonologically similar pairs, particularly the sound-based phonologically similar-orthographically dissimilar (PsOd) pairs, this would indicate that deaf individuals can rely on their knowledge of spoken phonology to judge homophones in Chinese characters. However, if they cannot judge the PsOd pairs as well as hearing participants, we posited that they would have relatively less developed knowledge of sound-based phonology. Furthermore, we conducted a series of regressions using two predictors (word frequency and consistency value) and two dependent variables of homophone judgment performance (accuracy for deaf participants and reaction times for hearing participants). If consistency is an efficient predictor of homophone judgment behavior, we posited that deaf participants have knowledge of Chinese OPT.
Methods

Subjects
This study examined 24 deaf people (13 males and 11 females; age range: 19 to 57 years) wh o were prelingually and profoundly deaf, with a hearing loss of 85dB or more. Fifteen of the deaf participants had acquired TSL as their first or prominent language before puberty. Two deaf participants had deaf parents, and the other participants were from hearing families. These deaf participants had received oral language training in elementary school, but exhibited little or poor speech ability in the present, according to their self-reports. Although the deaf participants can speak some Chinese words, their pronunciations are not sufficiently clear for strangers to recognize and comprehend. All deaf participants had completed at least senior high school level, and 12 of them had obtained a college degree, which is an above-average level of education among Taiwanese deaf people. Twenty-two hearing participants who were undergraduate or graduate students (11 males and 11 females; age range: 20 to 30 years) also participated in this study, and they were all native Chinese speakers. All participants had normal or corrected-to-normal vision.
Materials and design
We manipulated sound-based phonological similarity (similar, dissimilar) and orthographical similarity (similar, dissimilar). Each target character was monosyllabic and associated with four types of character stimuli: sound-based phonologically similar and orthographically similar (PsOs), sound-based phonologically similar and orthographically dissimilar (PsOd), sound-based phonologically dissimilar and orthographically similar (PdOs), and sound-based phonologically dissimilar and orthographically dissimilar (PdOd). A sound-based phonologically similar character was phonologically related to its prospective target character. An orthographically similar character shared a component, usually the phonetic component, with the target character. Eighty targets and their paired stimuli were used in the experiment, for a total of 320 stimulus pairs. Because of the highly variable reading abilities of deaf participants, the stimuli used in this experiment were high frequency. The frequency of stimuli in each condition was similar. The mean frequencies were 2234, 2231, 2772, and 3865 for PsOs, PsOd, PdOs, and PdOd, respectively [F (3, 79) = 1.00, p > 0.05]. Stimuli examples for Experiment 1 are listed in Table 1 .
Task and procedure
Each trial consisted of two horizontally displayed characters: a target and its corresponding stimulus. These were displayed on a computer screen in white against a black background at a visual angle of 3-5º. Participants were asked to decide whether the characters were homophones and to indicate their answer by pressing keys on the keyboard. Hearing subjects were instructed to focus on both accuracy and speed in this task. Reaction times (RTs) were recorded from the onset of the characters until the subjects responded. Because the experiment task was difficult for the deaf participants, they were instructed to focus only on accuracy when performing the task. Only accuracy data were analyzed for the deaf participants. Each subject accepted 320 pairs/trials -80 pairs in each condition. Each target was displayed a total of four times. The order in which the target appeared in four conditions was counterbalanced across subjects. The statistical analyses for means included across subjects (F 1 ), across items (F 2 ), effect size ( 
Apparatus
The experiment was controlled by an IBM T40 notebook. The experimental procedure was programmed and presented in Presentation Neurobehavioral Systems Presentation software (www.neurobs.com).
Results and discussion
Phonological and orthographical similarities
For hearing subjects, the correct rates (mean ± SD) were .88 ± .06, .89 ± .04, .84 ± .05, and .88 ± .05 for PsOs, PsOd, PdOs, and PdOd, respectively. The mean correct rate was .87. Because two deaf participants did not complete the experiment, only the data for 22 of the deaf participants were analyzed. For deaf subjects, the correct rates (mean ± SD) were .68 ± .17, .61 ± .23, .51 ± .16, and .84 ± .13 for PsOs, PsOd, PdOs, and PdOd, respectively. The mean correct rate was .66.
The accuracy performance of the hearing and deaf groups were directly compared. The results of a group (hearing, deaf) × sound-based phonological similarity (similar, dissimilar) × orthographical similarity (similar, dissimilar) ANOVA showed a significant three-way interaction [F 1 (1, 42) = 31.54, p < .01, The results revealed that hearing subjects were influenced by orthography to make 'no' decisions but not 'yes' decisions, indicating that hearing subjects were more tolerant of homophones with different orthographies.
Incorrect responses and response latencies shorter or longer than two standard deviations from the mean were excluded from the RT data analysis for hearing subjects. The RTs (mean ± SD) were 1118 ± 138, 1083 ± 139, 1094 ± 145, and 1099 ± 138 msec for PsOs, PsOd, PdOs, and PdOd, respectively. The results of a two-way within-subjects ANOVA showed a significant interaction effect [F 1 (1, 21) = 5.60, p < .05, For hearing people, the results might show a trade-off between accuracy and RT. However, because of the high accuracy of the task for hearing participants, the RT data might reflect the orthographical and phonological processing more sensitively than the accuracy data. This outcome suggests that in phonologically similar pairs, hearing subjects inhibit their instinctive response to verify whether the 'yes' decision is influenced by orthographical similarity. The orthographical similarity slowed down the 'yes' decisions for homophones. However, there was no difference between PdOs and PdOd RTs, indicating that in phonologically dissimilar conditions, hearing subjects responded more directly without first verifying the orthographical information.
For deaf accuracy performance, the results of a two-way within-subjects ANOVA showed a significant interaction effect [F 1 (1, 21) The results revealed that deaf subjects were inclined to make 'no' decisions for orthographically dissimilar pairs and to make 'yes' decisions for orthographically similar ones. However, the accuracy of the deaf subjects was .66, which was higher than chance but much lower than the .87 attained by the hearing subjects, suggesting that the deaf subjects knew orthographical cues were not always a reliable indicator of pronunciation. In this homophone judgment task, our deaf subjects relied in part on orthographical cues to make homophone judgments. The results of Experiment 1 are shown in Table 2 To clarify the impact of orthography, we measured the sensitivity d (z score (correct accept rates) -z score (false alarm rates)) in orthographically similar and dissimilar conditions among hearing and deaf participants. The results of a group (hearing, deaf) × orthographical similarity (similar, dissimilar) ANOVA showed a significant two-way interaction by subject [F 1 (1, 42) The results obtained from the hearing subjects agreed with previous findings showing that the performance of hearing individuals is influenced by orthographical similarity. Campbell & Wright (1988) found that among hearing subjects, picture rhyme judgment was more accurate than words rhyme judgment. In their findings, furthermore, the spelling congruency effect in hearing subjects was significant for word pairs but not for picture pairs, indicating that hearing people were influenced by printed orthographical information when accessing phonological information to make final rhyme decisions.
The poor performance of deaf individuals on homophone judgments in the PsOd condition revealed that they were unable to make homophone judgments on a primarily sound-based phonological basis. Although the results indicated that deaf subjects knew orthographical cues were not always reliable indicators of pronunciation, they still had to rely on orthographical cues to make homophone judgments to a greater degree than did hearing subjects. Deaf participants were also less tolerant of homophones with different orthographies than were hearing subjects. This result confirms other studies in which deaf subjects performed poorly on rhyme judgment tasks (Hanson & Fowler 1987; Leybaert & Charlier 1996) . Altogether, these results suggest that deaf individuals do not use the sound-based phonological information available in alphabetic and non-alphabetic written systems to make correct rhyme judgments.
Regressions of word frequency and consistency values determining accuracy and RT among hearing participants and accuracy among deaf participants
Next, we used a multiple regression analysis to determine whether word frequency and consistency values predicted hearing participants' accuracy and RT and deaf participants' accuracy in the homophone task. The grapheme-to-phoneme consistency value was computed based on the ratio of the number of characters sharing the same pronunciation to the total number of characters sharing the same phonetic radical (no matter how it was pronounced). The frequencies were translated into log frequencies because of their large range. Only some of the targets and stimuli used in the experiment contained phonetic radicals. The number of words analyzed was 75, 60, 75, and 50 for PsOs, PsOd, PdOs, and PdOd, respectively.
Linear regression analyses were conducted to examine the contribution of word frequency and grapheme-to-phoneme consistency values to deaf participants' accuracy and hearing participants' accuracy and RTs. We also included the categorical variables, phonological similarity (similar, dissimilar) and orthographical similarity (similar, dissimilar), in the regressions. The results are listed in Table 3 . Among the hearing group, the predictive abilities of log frequency values were significant for both accuracy and RT. However, the consistency values were significant predictors of RT only. When considering sound-based phonological similarity and orthographical similarity, the consistency values were not significant for either accuracy or RT. The consistency effect, which was found for low-frequency words, was not found for the high-frequency stimuli used in the experiment. In addition, the orthographical similarity facilitated hearing subjects' accuracy and RTs, a result shown in the previous analysis.
Among deaf participants, the results of two regression analyses showed that the predictive abilities of the log frequency and consistency values were universally significant. In other words, log frequency and consistency information efficiently predicted the accuracy of deaf participants' homophone judgments. Generally, the significant consistency values reflected a knowledge of OPT in deaf signers. However, some deaf subjects found it difficult to make accurate homophone judgments for characters (e.g. xìng, xìng) that were highly familiar to and easy for hearing participants. Thus, although deaf signers had acquired the OPT rules, their OPT knowledge may have been incomplete or different from that of hearing individuals. The results of the ANOVA and the regression analyses indicate that deaf signers have OPT knowledge but find it difficult to apply OPT rules when making homophone judgments.
It should be noted that the OPT capacity can be determined not only by the graphemeto-phonological consistency values, or forward consistency, but also by the weights of the phonological-to-grapheme consistency values, or feedback consistency. A high feedback consistency word sound has no other word forms for that pronunciation, whereas a word sound with low feedback consistency does have alternative word forms (Ziegler et al. 1997) . In Chinese, character sounds have a large number of alternative word forms. Future studies should investigate whether knowledge of the phoneme-to-grapheme consistency knowledge influences homophone judgments.
Experiment 2: Implicit sound-based and action-based phonological priming
In Experiment 2-1, we used a lexical decision task to determine whether participants experienced implicit activation of the sound-based phonological representations of the words they were asked to identify. The degree to which deaf participants and hearing participants showed the two marker effects (the semantic priming effect and the sound-based phonological priming effect) used to detect assembly were compared. The semantic priming effect occurs when words are identified faster if they are preceded by words with related meanings. The sound-based phonological priming effect occurs when words are identified faster if the prime's pronunciation is similar to that of the target. If the deaf participants' response for the sound-based phonologically related pairs is faster than for the unrelated pairs, we posited that deaf individuals do process related sound-based phonological knowledge when recognizing Chinese words. In Experiment 2-2, we further investigated whether there was a TSL action-based phonological priming effect for deaf signers when accessing their Chinese lexicon. If the deaf participants responded more quickly to the TSL phonologically related pairs during word recognition tasks, we posited that deaf people activate related TSL phonological knowledge when reading. We also predicted no difference for hearing people who do not have knowledge of TSL.
Methods
Subjects
The deaf signers who participated in this experiment were the same as those who participated in Experiment 1. The 24 hearing participants were other undergraduate or graduate students (13 males and 11 females; age range: 20 to 30 years). All hearing participants were native Chinese speakers and had no experience with TSL. All participants had normal or corrected-to-normal vision.
Materials and design for Experiment 2-1
Each meaningful target was associated with three types of primes: semantically related (SR), sound-based phonologically related (PR), and unrelated (U). A semantic prime was a meaningful word that was semantically, but not phonologically, related to its prospective target word. A soundbased phonological prime was a meaningful word that was only pronounced similarly, but not semantically related, to its prospective target word. An unrelated prime was also a meaningful word that was completely unrelated to the target word in any aspect. The word frequency of SR, PR, and U words was similar in each list. Each subject received 20 pairs in each condition and 120 trials in total. Half of the targets were meaningful, two-character Chinese words, and the other half were Chinese non-words composed of two real characters that were meaningless when together. Examples of the stimuli used in Experiment 2-1 are listed in Table 4 . 
Materials and design for Experiment 2-2
Primes and targets were either TSL action-based phonologically related (APR) or unrelated (U). The APR pairs were words that shared the same hand-shapes in TSL. The U pairs were composed of completely unrelated words. The word frequency of APR and U words was similar in each list. Each subject received 20 APR pairs and 20 U pairs, and 80 trials in total. Half of the targets were meaningful, two-character Chinese words, and the other half were non-words. Examples of the stimuli used in Experiment 2-2 are listed in Table 5 .
Tasks
The Chinese words were composed of two characters. They were vertically displayed with a visual angle of 2~3º on a computer screen in white against a black background. Each trial consisted of the following sequence of three stimuli: a fixation, presented for 500 msec; a prime word, presented for 100 msec; and, immediately following, a target word. The display duration of the target word was contingent on the participant's response. Participants were asked to decide whether the target was a meaningful word or not. They indicated a positive response by pressing a corresponding key and a negative response by pressing another key. They were also instructed on the importance of accuracy and speed when completing the task.
Results and discussion
The error rates and RTs were recorded. The analyzed RTs excluded incorrect responses and response latencies that were shorter or longer than two standard deviations from the mean.
Experiment 2-1
The error rates (mean ± SD) were .05 ± .03 and .04 ± .02 for the deaf and hearing subjects, respectively. The result of a t-test for error rates showed no significant difference between these two groups [t (46) = 1.79, p > .01, d = .39].
For deaf subjects, the RTs (mean ± SD) were 562 ± 66, 592 ± 71, and 594 ± 75 msec for SR, PR, and U, respectively. For hearing subjects, the RTs (mean ± SD) were 562 ± 68, 584 ± 68, and 594 ± 74 msec for SR, PR, and U, respectively. The results of a two-way group (hearing, deaf) × primes (semantically related, sound-based phonologically related, unrelated) mixed ANOVA showed a significant main effect of primes [F 1 (2, 92) = 75.83, p < .01, The high level of accuracy in the lexical decision task among deaf groups indicated that these deaf participants are highly skilled Chinese readers. In addition, the main differences between these two groups were that a semantic priming effect and a sound-based phonological priming effect were 
TSL
Note. The hand-shapes in TSL signs and the names of TSL hand-shapes were based on previous studies (Chang et al. 2005; Smith & Ting 1979 , 1984 .
shown for hearing participants, while only a semantic priming effect was found in deaf people. Although both groups could retrieve the lexicons quickly and easily, the sound-based phonological representations of the words were not activated automatically among these deaf readers.
Experiment 2-2
The error rates (mean ± SD) were .06 ± .05 and .04 ± .05 for the deaf and hearing subjects, respectively. The results of a t-test for error rates showed no significant difference between these two groups [t (46) = 1.38, p > .05, d = .40].
The RTs (mean ± SD) were 533 ± 57, 569 ± 76, 558 ± 81, and 555 ± 78 msec for deaf APR, deaf U, hearing APR, and hearing U, respectively. The results of a two-way group × prime mixed ANOVA showed a significant main effect of prime [F 1 (1, 46) The high accuracy and fast reaction times among deaf participants were shown in Experiment 2-2 as well as in Experiment 2-1, again indicating their highly proficient reading abilities. In addition, the results of Experiment 2-1 and Experiment 2-2 showed that deaf participants experienced a semantic priming effect and a TSL action-based phonological priming effect, but not a sound-based phonological priming effect. This outcome suggests that deaf signers do not automatically process the sound-based phonological representations under certain time constraints. Instead, deaf signers automatically activate related action-based phonology to access the semantic meaning of words when reading. The results of Experiment 2-1 and Experiment 2-2 are presented in Table 6 and Figure 2. Table 6 : The means and standard deviations of the reaction times (RTs) in Experiment 2-1 of semantically related (SR), sound-based phonologically related (PR), and unrelated (U) conditions, and in Experiment 2-2 of TSL action-based phonologically related (APR) and unrelated (U) conditions for hearing and deaf groups. 
General discussion
This study investigated the phonological processing of Taiwanese deaf signers using a Chinese homophone judgment task and lexical decision tasks. The results suggested that deaf signers do not automatically activate the sounds of words when reading, but they appear to have OPT knowledge and instead activate TSL phonological representations when accessing lexicons.
Our findings are consistent with previous deaf studies. Researchers analyzing Chinese word writing errors made by deaf and hearing children found that hearing children tended to produce homophonic errors, whereas deaf children typically produced visually similar character substitutions (Bellugi et al. 1989) . In a short-term memory study, orally-trained Chinese deaf participants were tested both with and without articulatory suppression (Chincotta & Chincotta 1996) . The results showed that suppression greatly affected memory performance for hearing subjects, but no differences were observed for deaf subjects. These findings indicate that deaf individuals do not rely heavily on speech-based phonological processing when processing Chinese words.
Furthermore, our findings are consistent with the behavior results of a recent fMRI study of the semantic and phonological processing of skilled deaf readers (Emmorey et al. 2013) . Similarly, those researchers found that the deaf participants' accuracies on the explicit phonemic awareness test (choosing two pictures with similar initial or final phonemes from four pictures) and the explicit phonological task (judging whether each word had two syllables or not) were significantly lower and that the tests were more difficult. The increased posterior inferior frontal gyrus and the ventral precentral gyrus activation during the phonological task are evidence of effortful speechbased phonological processing during print word processing.
Comparatively, the absence of sound-based phonological processing during Chinese word recognition in deaf subjects is consistent with the effects of the lexical decision task and the shortterm memory task among TSL-trained deaf adults (Tzeng 1998) . It is possible that deaf readers rely on the same procedures as hearing people but use less automatic and effortful sound-based The reaction time performance of lexical decision in semantically related (SR), phonologically related (PR), and unrelated (U) conditions for Experiment 2-1 and TSL action-based phonologically related (APR) and unrelated (U) conditions for Experiment 2-2 for hearing and deaf people. In Experiment 2-1, for hearing people, the RTs in the SR and PR were both shorter than those in the U; for deaf people, only the RTs in the SR were faster than those in the U. The results demonstrated semantic priming effect in both groups, but no phonological priming effect among deaf subjects. In Experiment 2-2, the RTs in the APR were faster than those in the U only for deaf subjects. This demonstrated a TSL phonological priming effect among the deaf subjects. phonological processing (Emmorey et al. 2013; Friesen & Joanisse 2012) . Alternatively, this phenomenon could arise because deaf readers rely on mechanisms that differ from those used by hearing readers. The hypothesis that deaf readers rely on another mechanism, action-based phonological representation, was supported in Experiment 2-2 in our study. Other studies have also revealed the use of action-based recoding in deaf subjects. In short-term memory studies, deaf participants showed better memory performance for lists of signs with dissimilar formations than for lists with similar formations, suggesting an action-/sign-based phonological similarity effect (Klima & Bellugi 1979) . Deaf subjects' memory of object pictures was suppressed by a dual competing manual task, indicating a manually-based articulation suppression effect (Wilson & Emmorey 1997a) . Researchers have also suggested that a working memory system exists for sign languages (Emmorey & Wilson 2004; Wilson & Emmorey 1997b , 1998 . Our findings are consistent with sign language studies that have revealed a significant priming effect for pairs of signs with similar hand-shapes (Corina & Emmorey 1993; Myers et al. 2005 ) and for pairs with a combination of similar handshapes, locations, and movements (Dye & Shih 2006) . In a priming study of ASL, an action-/signbased phonological priming effect was shown when deaf ASL-English bilinguals read word pairs (Morford et al. 2011) . However, the positive evidence of action-based recoding in this study might also have resulted from the special meta-linguistic experiences of the deaf signers. Most of the participants had taught TSL courses for deaf associations; thus, they might have accessed TSL phonology automatically, regardless of the type of input that they received.
In addition, the positive discovery of action-based recoding in this study does not exclude the possibility that deaf individuals use multiple encoding strategies, such as weak sound-based phonological codes, action-based codes, or visual lip-reading codes. According to bilingual studies, lexical access is non-selective, and the inter-lingual homophones (words that share lexical form but not meaning) in both languages are active (Dijkstra et al. 1998) , especially in sign-speech bimodal bilinguals (Emmorey et al. 2005) .
The inconsistency of our findings with prior studies of positive sound-based phonological representations might result from two factors: the different characteristics of written languages and the participants. Chinese is a language with low orthographical transparency. A Chinese character provides relatively little information regarding pronunciation, especially for a beginner or for an individual with limited sound input. In addition, although people may incorrectly pronounce a Chinese word, they might still be fully able to access its meaning. Therefore, Chinese reading for deaf people might provide a clearer image in research on deaf reading. Likewise, our findings cannot be generalized to more orally-trained members of the deaf population and to those without sign language experience. Language experience significantly affects phonological processing among the deaf population (Chiu & Wu 2013; Tzeng 1998) . Future studies should also include orally-trained deaf participants to gain more insight into reading in the deaf population.
In addition, our findings cannot differentiate whether action-based representations are prelexically activated, simultaneously activated, or post-lexically activated. Other methodologies or research tools, such as eye movements, should be used to enhance our understanding of dynamic linguistic processing.
In conclusion, learning to read is never easy, even for a hearing person who is used to spoken language. However, limited hearing ability does not limit one's ability to learn to read. Although most written systems are not developed for signed languages, the appropriate associations between written symbols and action/sign-based representations can be developed. Meanwhile, deaf people must acquire sufficient and complete representations, such as manually-based representations, to associate written symbols with their existing lexicon. This study found that deaf signers acquired OPT knowledge, but their OPT knowledge was not sufficiently robust or complete enough to make explicit sound-based homophone judgments. Under time-constrained conditions, the deaf signers did not automatically activate sound-based phonological codes, but rather activated action-based representations when reading. Note. Stimuli of target and its sound-based phonologically similar and orthographically similar (PsOs), sound-based phonologically similar and orthographically dissimilar (PsOd), sound-based phonologically dissimilar and orthographically similar (PdOs), sound-based phonologically dissimilar and orthographically dissimilar character (PdOd). 
Appendix B: Stimuli for Experiment 2-1
